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High-redshift rotation curves and MOND
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Weizmann Institute of Science, Rehovot 76100, Israel
Genzel et al. have recently published the rotation curves (RCs) of six high-redshift disc galaxies
(z ∼ 0.9 − 2.4), which they find to be ‘baryon dominated’ within the studies radii. While not
up to the standard afforded by data available for analysis in the nearby Universe, these data are
valuable in constraining cosmological evolution of either DM scenarios, or – as I discuss here –
z-dependence of MOND. Indeed, these results, if taken at face value, teach us useful lessons in
connection with MOND. a. The dynamical accelerations at the half-light radii, found by Genzel
et al., are rather high compared with the MOND acceleration constant, as measured in the nearby
Universe: g(R1/2) = (3− 11)a0. MOND then predicts fractions of ‘phantom matter’ at R1/2 of at
most a few tens of percents, which, galaxy by galaxy, agree well with what Genzel et al. find. b. The
asymptotic rotational speeds predicted by MOND from the baryonic-mass estimates of Genzel et al.
are substantially lower (0.55 − 0.75) than the maximal speeds of the RCs. MOND thus predicts a
substantial decline of the RCs beyond the maximum. This too is in line with what Genzel et al. find.
c. Arguably, the most important lesson is that the findings of Genzel et al. cast very meaningful
constraints on possible variation of a0 with cosmic time. For example, they all but exclude a value
of the MOND constant of ∼ 4a0 at z ∼ 2, excluding, e.g., a0 ∝ (1 + z)
3/2.
PACS numbers: 04.50.-h 98.52.Eh 98.80.-k
I. INTRODUCTION
By far the most acute and clear-cut tests of MOND
[1] come from the dynamical analysis of rotation curves
(RCs) of disc galaxies. For reviews of MOND see, e.g.
Refs. [2, 3].
In particular, the MOND acceleration constant, a0, ap-
pears in such analyses in different roles: as the bound-
ary constant marking the transition from Newtonian be-
havior to deep-MOND, as setting behavior in the deep
MOND regime, for example, fixing the normalization of
the MOND mass-asymptotic-speed relation (MASR) –
underlying the baryonic Tully-Fisher relation (BTFR),
and in dictating the RCs of low-acceleration (or low-
surface-brightness) galaxies. It appears in several roles
in the much discussed MOND prediction [1] of the mass-
discrepancy-acceleration relation (for tests of this predic-
tion see, e.g., [4–8]). It also appears in the no-less-striking
central-surface-densities relation, which is different and
independent of the other MOND relations [9–11].
The value that has emerged for a0 ≈ 1.2×10
−8cm s−2,
as been recognized early on (Milgrom 1983a) to have cos-
mological connotations. In particular we have:
a¯0 ≡ 2pia0 ≈ cH0 ≈ c
2(Λ/3)1/2, (1)
where H0 is the Hubble constant, and Λ the observed
equivalent of a cosmological constant.
The Former of these near equalities, and the realiza-
tion that MOND may well be an effective theory rooted
somehow in cosmology, have pointed to the possibility
that a0, or some aspects of MOND, may be varying with
cosmological time so as to retain the first equality at all
times.
The obvious way to test this possibility, given that a0 is
sharply determined by rotation-curve analysis, is to an-
alyze RCs of high-z galaxies to see if their dynamics can
be accounted for by MOND, and whether this requires a0
to be z dependent (an early attempt at this is described
in Ref. [12]).
In recent years, there have been several studies of
the internal kinematics of high-z galaxies (e.g., [13–15]).
These are, by and large, statistical in nature.
Genzel et al. [16] have recently published the individ-
ual RCs of six high-redshift galaxies (z ∼ 0.9− 2.4), and
have presented a thorough dynamical analysis of them.
These are selected from a large sample of several hun-
dred, according to criteria that are conducive to cleaner
analysis. This sample now also affords a closer, if prelim-
inary, examination of the dynamics of high-z in light of
MOND.
The main general conclusions of Ref. [16] are that
these galaxies are ‘baryon dominated’ within the studies
radii, and that they show marked decline in the RC still
within the optical image. In both regards, this is very
reminiscent of the findings of Ref. [17] of ‘dearth of dark
matter in ordinary elliptical galaxies’ (at low redshift) –
based on planetary-nebulae velocities.
I shall show that both of these characteristics of the
high-z disc galaxies of Ref. [16] follow from MOND be-
cause these galaxies have accelerations within the studied
regions that are higher than a0. The MOND analysis by
Ref. [18] and Ref. [19] showed this for low-z, elliptical
galaxies.
It is important to keep in mind that for natural rea-
sons the data of Ref. [16] are not up to the standard
afforded by RCs and baryon distributions available for
dynamical analysis in the nearby Universe. In com-
parison with the latter they are limited in scope, and
they are subject to large uncertainties (partly reflected
in their large quoted errors). Some concerns that come
2to mind are: a. The inclinations of the six galaxies are
i(deg) = 75± 5, 30± 5, 62± 5, 25± 12, 45± 10, 34± 5.
Three of them have low inclinations i < 35 degrees. Such
low inclinations are generally considered problematic be-
cause it is difficult to measure such low inclinations accu-
rately, and because the actual rotational speeds, and the
acceleration deduced from them are sensitive to the exact
value (the accelerations scaling as 1/sin2i). b. This is
further compounded by the fact that these RCs are not
based on 2-D tilted-ring derivation as the standard has
come to require, and hence do not account for possible
variable position angle and inclination, especially prob-
lematic for low-inclination galaxies. c. Large random
motions are present in these galaxies; so large (and un-
certain) asymmetric-drift corrections have to be applied.
d. The luminosity distribution is measured in the rest-
frame optical-band, not as good for converting light to
mass compared with far IR now used routinely for lo-
cal galaxies. e. Some of the galaxies have a substantial
bulge, and the necessary separation to components, with
possibly different M/L values, is problematic. f. Kine-
matics are measured from Hα velocities, so are confined
to the optical image with no analog of the extended HI
RCs.1
Still, these are the best RC data we have at present
for such high redshift, and thus are valuable in constrain-
ing cosmological evolution of either DM scenarios, or, as
here, z-dependence of MOND.
In Sec. II, I give some MOND formulae needed here.
Section III compare the MOND predictions with the re-
sults of Ref. [16], and Sec. IV is a discussion.
II. RELEVANT MOND FORMULAE
If at some radius, R, in the midplane of a disc galaxy
gN(R) is the Newtonian acceleration calculated from the
baryon distribution, and g is the dynamically determined
acceleration, then MOND predicts the relation [1]:
gµ(g/a0) = gN , (2)
where a0 is the MOND acceleration constant, and µ(x)
the ‘interpolating function’ for rotation curves. This can
be written equivalently in terms of the ν(y) interpolating
function as
g = gNν(gN/a0), (3)
where ν(y) is related to µ(x) by µ(x) = 1/ν(y), where
x = yν(y) [and so y = xµ(x)]. These equivalent forms
are known as the mass-discrepancy-acceleration relation
(MDAR) since
η ≡ g/gN = 1/µ(g/a0) = ν(gN/a0) (4)
1 In many of these regards the quality of these RCs may be likened
to that of RCs available in the late 1970s for low-z galaxies, before
extended HI RCs became available.
can be identified as the mass discrepancy.
As convention goes, Ref. [16] define the dark-matter
fraction at R – better referred to in the present con-
text as the ‘phantom-matter’ fraction –as ζ(R) =
[VDM (R)/V (R)]
2, or in terms of the accelerations
ζ(R) ≡ (g − gN)/g. (5)
Thus, MOND predicts
ζ = 1− η−1 = 1− µ = 1− 1/ν. (6)
I will show the MOND predictions for ζ for two forms
of the MOND interpolating function used routinely for
RC fits and fits to the MDAR. The first is
µ(x) =
x
1 + x
, (7)
which gives a ‘phantom-matter’ fraction of ζ = (1+x)−1.
The other takes a simple form in the ν(y) language [20–
23]:
ν(y) = (1− e−
√
y)−1, (8)
which gives ζ = e−
√
y. These two interpolating functions
differ by at most ∼ 5% over the full range of arguments
and so predict almost indistinguishable rotation curves.
However, in the region of high accelerations, where both
functions are nearly 1, they differ substantially in their
exact departure from 1. So, when the predicted fractions
of ‘phantom matter’ are small, the two functions can give
different predictions for this small quantity.
Another MOND prediction I will need: Given the total
baryonic mass,Mb, MOND predicts [1, 24] for an isolated
galaxy, an asymptotically flat RC, with the constant ro-
tation speed
V 4∞ =MbGa0. (9)
This is the MASR mentioned in Sec. I
III. RESULTS
Table I shows the values of the relevant parameters as
they appear in Table 1 of Ref. [16]. I show in the table,
and use, the relevant quantities given in Ref. [16] as
their best fit model parameters (resulting from fitting the
rotation curves to mass models that include baryons and
dark matter): the half light radius, R1/2, the dynamical
rotational speed at R1/2, and the total baryonic mass,
Mb. For Mb and R1/2 they also give their pre-fit, directly
estimated values. In most cases, the former values, which
I use, lie within the error range of the latter. I also show
their deduced values of the ‘phantom-matter’ fractions,
ζ1/2, at R1/2, and the values of ζ1/2 predicted by MOND
for the two commonly used interpolating functions, all as
detailed in Sec. II.
We see that as found by Ref. [16] the MOND ζ1/2 val-
ues are small – a few tens of percents at most. Further-
more, except for the rogue zC 406690, where the upper
3Galaxy z R1/2 Vc(R1/2) Mb ζ1/2 V∞ x1/2 ζ
M
1/2,a ζ
M
1/2,b
kpc kms−1 1011M⊙ kms
−1
COS4 01351 0.854 7.3 276 1.7 0.21(±0.1) 228 2.8 0.26 0.22
D3a 6397 1.500 7.4 310 2.3 0.17 (<0.38) 246 3.5 0.22 0.18
GS4 43501 1.613 4.9 257 1.0 0.19(±0.09) 200 3.6 0.22 0.17
zC 406690 2.196 5.5 301 1.7 0(< 0.08) 228 4.4 0.18 0.14
zC 400569 2.242 3.3 364 1.7 0(< 0.07) 228 10.8 0.08 0.04
D3a 15504 2.383 6 299 2.1 0.12(< 0.26) 240 4.0 0.20 0.16
TABLE I: Galaxy name {column 1}, its redshift {2}. Columns 3-6 are best-fit attributes deduced by Ref. [16]: the half-light
radius, R1/2, (in the rest-frame optical band) {3}; the rotational speed there (corrected for inclination and asymmetric drift)
{4}; the total baryonic mass {5}; and the dark-matter fraction, ζ1/2 at R1/2, with errors or upper limits {6}. Column 7-10 show
calculated MOND quantities: the predicted asymptotic rotational speed, V∞, based on Mb, from eq.(9) {7}, The acceleration
at R1/2 in units of a0 {8}, the expected MOND value of ζ1/2 based on the interpolating function of eq. (7), ζ
M
1/2,a {9}, and that
based on eq. (8), ζM1/2,b {10}, all calculated for the nearby-Universe value of a0 = 1.2× 10
−8cm s−2.
limit is lower than my estimates, the MOND predictions
are, case by case, in good agreement with what Ref. [16]
give.2 And note that zC 406690 has a quoted inclina-
tion of i = 25 ± 12 degrees; so it’s kinematic analysis is
practically useless.
A. Falling rotation curves
The RCs shown by Ref. [16] exhibit some decline be-
yond their maximum. Such decline is also typical of high-
surface-brightness galaxies in the local Universe (see, e.g.
some early-type galaxies in the sample of Ref. [25], in
particular, their RC for UGC 4458, which drops from
∼ 500kms−1 to ∼ 300kms−1 within 10 kpc and then
becomes flat at ∼ 250kms−1 to 55 kpc).
Such a decline seems to be more prevalent in the high-
z samples at hand (see also Ref. [15]). Part of the
reason, as extensively discussed by Refs. [15, 16], is
that rather more than in low-z galaxies, velocity disper-
sions in the disc contribute substantially to the balance
against gravity, hence diminishing the role of rotational
support. It is notoriously difficult and uncertain to cor-
rect for this important effect. Indeed, in the stacked RCs
of Ref. [15] (see their Fig. 8), galaxies with high rotation-
to-dispersion ratio show much less marked decline than
those with small values.
One should also consider the effects of selection: High-
surface-brightness galaxies – where such declines are also
observed at low-z – are naturally more amenable to mea-
surements at high redshift, and are easier to follow to
larger radii. Indeed, Fig. 5 of Ref. [15] shows that the
2 But beware that the ζ1/2 values of Ref. [16] are based on model
best-fits with NFW dark-matter distributions. Given their large
uncertainties on Mb, their RCs are probably also consistent with
sub-maximal discs, and rather larger values of ζ1/2. The distinc-
tion between maximal and sub-maximal discs is moot even with
much better data.
number of galaxies contributing at the outer radii, where
the decline is evident, is much smaller than the total in
the sample: ∼ 12 galaxies that contribute down to the
outer stacked-data point, compared with ∼ 90 that con-
tribute at low radii. These may well be selecting prefer-
entially higher-surface-brightness galaxies.
In MOND, we do expect marked decline beyond the
maximum in galaxies with mean accelerations that are so
high compared with a0. For example, MOND-predicted
rotation curves of such model galaxies are shown in Figs.
1 and 2 of Ref. [24] (the models with high ξ ∼ 5
there). And see also Fig. 2 of Ref. [18] for the predicted
MOND RC of the elliptical NGC 3379, which drops from
∼ 300kms−1 at maximum to ∼ 200kms−1.
We can estimate the room for a drop in the velocity
allowed by MOND for the six galaxies under study, by
comparing the observed maximum speed with the pre-
dicted asymptotic rotational speed, V∞, which can be
deduced from the estimates of the baryonic masses, us-
ing eq. (9) – assuming that the galaxy is isolated. These
estimates are given in Table I based on the best-fit values
that Ref. [16] give forMb. Note that the direct estimates
of Mb given by Ref. [16] have large quoted errors given
in all cases as ±50% (i.e., a factor of ∼ 3 in range), corre-
sponding to a relative error of +0.1 − 0.15 in V∞. From
Fig. 2 of Ref. [16] one sees that the maximum speed for
the galaxies is about 1.1V (R1/2), and occurs at∼ 1.5R1/2.
We see then that the estimated ratio V∞/Vmax is as low
as ∼ 0.55 (±0.1) (for one of the 6 galaxies, zC 400569),
and is ∼ 0.7(±0.1) for most others. This would allow the
drops Ref. [16] estimate (these are subject to substan-
tial uncertainties due to the uncertain asymmetric-drift
correction, and possible unaccounted for warps). For one
galaxy, zC 406690, Ref. [16] estimate a very large drop.
But, as I pointed out above, this is quite unreliable as the
stated inclination for this galaxy is i = 25± 12 degrees.
In MOND, the presence of neighboring bodies can also
contribute to the decline of the RCs through the external-
field effect (e.g., Refs. [1, 7, 26, 27]. According to Ref.
[16] their 6 galaxies are relatively isolated, so this should
4not be a factor, but it is hard to asses the importance of
the effect in statistical studies such as that of Ref. [15].
IV. DISCUSSION
The results of Ref. [16] are well accounted for by
MOND in the very form that has been applied success-
fully to low-z galaxies, with the canonical value of a0.
Although these RCs do not probe the deep MOND
regime – where MOND enters in full glory – they do vin-
dicate an important prediction of MOND that does not
arise naturally in the dark-matter paradigm. Namely,
that mass anomalies should be small (sub-dominance of
‘phantom matter’) at accelerations above a0. That this
is now seen to be the case also at high z even sharp-
ens the case for MOND: It shows this prediction to be
independent of the evolutionary status of the galaxies,
strengthening the case for a law of nature as the origin,
rather than some complicated and contrived evolutionary
processes.
It appears that these results cannot accommodate
much higher values of a0 at high redshift. Looking at
Table I, we see that, for example, a value of the MOND
acceleration of 4a0 would have resulted in x1/2 values for
the higher-z galaxies of order 1. This would have pre-
dicted ζ1/2 values of order 0.5, which would be uncomfort-
ably in tension with the values estimated by Ref. [16]3
(But, remember footnote 2.) This constraint makes use,
essentially of the role of a0 in MOND as ‘boundary ac-
celeration’. Another, independent constraint is based on
the role of a0 as setting the MASR normalization: With a
value of the MOND constant as high as 4a0 the predicted
values of V∞ in Table I should be increased by a factor of
41/4 ∼ 1.4, making V∞/Vmax ∼ 1, not leaving room for
decline beyond the maximum, unless the baryonic masses
are substantially lower.
Ideally, we could test for variations of a0 by search-
ing for evolution in the proportionality constant of the
MASR, eq. (9). But this is not possible with the present
data, as clearly they do not reach the asymptotic speeds,
as required by the MOND MASR. ‘Evolution’ of the zero
point of some versions of the BTFR, using available ve-
locity measures such as the maximum speed have been
studied. But these are not what the MOND MASR dic-
tates, and cannot be used to constrain cosmological vari-
ations of the MOND constant. It is an opportunity to
stress again the distinction between various versions of
the BTFR, and the specific version MOND predicts as
the MASR, which employs the asymptotic speed.
This result may help constrain ideas that rest on the
MOND constant varying with cosmic time, such as the
suggestion that the first of the near equalities in eq. (1)
held at all times, or other possible variations (see discus-
sion in Ref. [28] and references therein). Ref. [29] offers
a possible causal connection between a0 and Λ.
3 Values of the MOND constant smaller than a0 cannot be ex-
cluded, but they are anyhow less motivated.
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